Probing the subsurface structure of active regions with the phase information in acoustic imaging by Huei-Ru Chen
L139
The Astrophysical Journal, 501:L139–L144, 1998 July 1
q 1998. The American Astronomical Society. All rights reserved. Printed in U.S.A.
PROBING THE SUBSURFACE STRUCTURE OF ACTIVE REGIONS WITH THE PHASE INFORMATION
IN ACOUSTIC IMAGING
Huei-Ru Chen,1 Dean-Yi Chou,1 Hsiang-Kuang Chang,1 Ming-Tsung Sun,2 Sheng-Jen Yeh,1
Barry LaBonte,3 and the TON Team4
Received 1998 February 4; accepted 1998 May 1; published 1998 June 18
ABSTRACT
We present the phase information of solar p-mode waves constructed with an acoustic imaging technique in
the solar interior. There exists a phase shift between the time series constructed with ingoing waves and outgoing
waves. We find that this phase shift is different in an active region and the quiet Sun. The p-mode travel time
is shorter in the magnetic regions than in the quiet Sun. We construct a three-dimensional phase shift map of
the solar interior. As with the acoustic absorption images, the phase shift features of the active region in maps
at the surface correlate with magnetic fields. The vertical extension of phase shift features in the active region
is smaller in the phase maps constructed with shorter wavelengths. This indicates the vertical spatial resolution
of these three-dimensional phase maps is sensitive to the range of modes used in constructing the signal. The
actual depths of the phase shift features in the active region may be smaller than those shown in the three-
dimensional phase maps.
Subject headings: Sun: magnetic fields — Sun: oscillations — sunspots
1. INTRODUCTION
Recently, Chang, Chou, & LaBonte (1997, hereafter Paper
I) developed a technique, acoustic imaging, based on the time-
distance relation, to construct a three-dimensional acoustic in-
tensity image of the solar interior with the helioseismic data
taken with the Taiwan Oscillation Network (TON). A mathe-
matical description of a related holographic imaging concept
was independently developed by Lindsey & Braun (1997).
Chou et al. (1998, hereafter Paper II) measured the cross-cor-
relation between the constructed time series and the observed
time series at the same surface point to quantify the success
of acoustic imaging. They found that the phase of the time
series constructed with the outgoing waves is ahead of the
observed time series by about 1 minute and that the phase of
the time series constructed with the ingoing waves is behind
the observed time series by about 1 minute in the quiet Sun.
In this study, we show that the relative phase between the time
series constructed with ingoing and outgoing waves is different
in the quiet Sun and in an active region. The sign of the dif-
ference indicates that the travel time is shorter in magnetic
regions than in the quiet Sun. We construct three-dimensional
phase shift maps of the solar interior for a region including the
active region NOAA 7981 and the quiet Sun.
2. PRINCIPLE AND METHOD
A resonant p-mode is trapped and multiply reflected in a
cavity between the surface and a layer in the solar interior. The
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acoustic signal emanating from a point at the surface propagates
downward to the bottom of the cavity and back to the surface
at a different horizontal distance from the original point. Dif-
ferent p-modes have different paths and arrive at the surface
with different times and different distances from that point. The
modes with the same angular phase velocity have approx-q/l
imately the same ray path, where q is the mode frequency and
l is the spherical harmonic degree.
The propagation of solar acoustic waves from a point (r, t)
to another point (r9, t9) in spacetime can be described by a
propagator (Lindsey & Braun 1997; Paper II)
′ ′ 21/2 ′G(r, t; r , t ) ∝ (sin D) d(t 2 [t 1 t]), (1)
where t is the travel time from r to r9 and in general is a
function of r and r9, and D is the angular distance between r
and r9. The source point r can be any point on the solar surface
or in the solar interior, and r9 is the observing point on the
surface. The Dirac delta function, corresponding to the time-
distance relation (Duvall et al. 1993), can be computed from
a standard solar model based on ray theory (Papers I and II).
The p-modes emanating from (r, t) can be grouped into different
wave packets characterized by the angular phase velocity .q/l
Different wave packets bounce back to the surface at different
(r9, t9). If we collect the acoustic signals measured at all (r9,
t9) based on the wave propagator in equation (1), we can re-
construct the acoustic wave amplitude at (r, t), which propa-
gated outward from r. In the practical analysis, the constructed
signal at the target point at t, , is the computed with (PaperW (t)c
II)
t2
1/2
¯W (t) 5 W(D, t 1 t) 7 (sin D) , (2)Oc
t5t1
where is the azimuthal-averaged signal measured¯W(D, t 1 t)
at a distance D from the target point at time , and t andt 1 t
D follows the time-distance relation. The summation variable
t is evenly spaced in the interval (t1, t2). The factor
is to compensate the decrease of wave amplitude. We1/2(sin D)
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Fig. 1.—Sketch of the ray paths of waves with the same . The horizontalq/l
dashed line represents the solar surface. (a) The target point T is located at
the surface. The ingoing waves observed at A arrive at T and turn into the
outgoing waves observed at B. (b) The target point T is located in the solar
interior. The ingoing waves observed at A pass T and turn into the outgoing
waves observed at C after one bounce and at E after two bounces. Another
ingoing waves with the same originating at B pass T and turn into theq/l
outgoing waves observed at D. (c) For each ray path ACE (solid lines) passing
the target point T, there exits another ray path A9C9E9 (dotted lines) in our
coherent summation because the signals are averaged over a ring centered at
the target point. (d) Same path as (c), but with an opposite direction. ACE
has the same path as A9C9E9 in (c), but they have opposite directions. Similarly,
A9C9E9 has the same path as ACE in (c) but has an opposite direction.
can also construct the signal at (r, t) from the waves propagating
inward from the surrounding area if we use a time-reversed
time-distance curve (replacing t in eq. [2] by 2t). The acoustic
image constructed with the time-reversed time-distance curve
does not show any signature of sunspots because the ingoing
waves in the surrounding area have not been affected by the
sunspots before reaching it (Papers I and II). It is noted that
the constructed signal defined in equation (2) is different from
the egression defined in Lindsey & Braun (1997). In our opin-
ion, their egression and ingression do not lead to reconstructing
the signal at the target point.
The time series of constructed amplitude includes both in-
tensity and phase information. The intensity is computed by
integrating the squared amplitude over time. One can form a
three-dimensional intensity image of solar interior with the
outgoing waves or the ingoing waves (Paper I). One can also
form an absorption image by subtracting the ingoing intensity
(constructed with the ingoing waves) from the outgoing inten-
sity (constructed with the outgoing waves) and then dividing
by the ingoing intensity (Paper II). The absorption images can
be used to study the three-dimensional structure of the ab-
sorption of an active region below the surface. There exists a
phase difference between the ingoing time series and the out-
going time series (Paper II). The relative phase between two
time series can be determined from the cross-correlation, which
is defined as equation (14) in Lindsey & Braun (1997), although
our constructed time series defined in equation (2) are different
from the egression and ingression defined in Lindsey & Braun.
To study the phase change in the active region, we measure
the phase shift between the time series constructed with ingoing
and outgoing waves. This method is better than measuring the
phase shift between the constructed time series and the ob-
served series because it is difficult to accurately observe p-
modes inside sunspots. Constructing the signal with outgoing
waves or ingoing waves does not use the signal observed at
the target point. This avoids the measurement problem inside
sunspots discussed in Braun (1997).
One has to be cautious in measuring the phase shift between
the ingoing signal and the outgoing signal. Since the acoustic
waves are generated with random phases, if the observed in-
going signal and outgoing signal used to construct the wave
amplitude at the target point are not the same wave packet, the
measured phase shift is meaningless. We illustrate the problem
in Figure 1. If the target point T lies on the surface, then Figure
1a shows the ray paths of ingoing and outgoing waves. The
ingoing wave observed at A turns into the outgoing wave ob-
served at B after reflecting at the target point T. Since we use
the azimuthal-averaged signal to construct the amplitude at T,
the signal constructed with the ingoing waves and the signal
constructed with the outgoing waves are from the same wave
train and may be used to measure a phase shift.
If the target point T is in the solar interior as shown in Figure
1b, the situation is more complicated. The ingoing waves with
the same observed at A and B pass the target point T andq/l
turn into the outgoing waves observed at C and D, respectively.
If one uses the signal observed at A to construct the ingoing
amplitude at T and uses the signal observed at D to construct
the outgoing amplitude at T, as we did in constructing the
absorption images (Paper II), the phases of constructed ingoing
and outgoing signals at T will have no correlation since they
are different wave trains. In principle one may use the signal
observed at C, which is the same wave train as that observed
at A, to construct the outgoing signal at T. But in practice C
may be so close to the target point T that two problems will
arise. First, the number of observed data points near the target
point is small, making the constructed signal inaccurate (Paper
II). Second, if the target point is inside the sunspot, point C
may be also inside the sunspot where the oscillatory signal
cannot be accurately measured. Similarly, one cannot use the
signal observed at B as ingoing waves and signal observed at
D as the outgoing waves because B is too close to T, even
though D is far enough from T. To circumvent these difficulties,
we use the one-bounce ingoing waves observed at A, which
is not too close to T, to construct the ingoing amplitude at T,
and we use the two-bounce outgoing waves observed at E to
construct the outgoing amplitude at T in equation (2). This
requirement for measuring the same wave packet does not occur
in the acoustic intensity measurement. We can even compare
slightly different wave packets in making an absorption image
so long as the absorption is a slow function of .q/l
3. RESULTS AND DISCUSSION
The helioseismic data used in this study were taken with the
instruments of the Taiwan Oscillation Network (TON) in Ten-
erife, Big Bear, and Tashkent. A discussion of the TON project
and its instruments is given in Chou et al. (1995). The time
series in this study is 1996 August 1–3. The data coverage is
about 82%. We select NOAA 7981 (the same region studied
in Paper II), which is a large old active region, as the target
region. The preceding sunspot has little change, while the sev-
eral following sunspots change significantly during this period.
The latitude of the preceding sunspot is about 107 south in the
Carrington coordinates. The preliminary data reduction of the
TON data, such as flat-fielding and registration, is given in
Chen, Chou, & the TON Team (1996). The data reduction to
construct the time series of ingoing and outgoing amplitudes
at different focal depths is discussed in Paper II.
In this study, we use two different annular collecting areas
(apertures), corresponding to different l ranges, to construct the
acoustic signal at the target point. The small-angle aperture is
27–57.5, corresponding to at 3 mHz for the surface.l 5 202–378
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Fig. 3.—Phase shift maps at various focal depths (0, 10, 20, 30, and 40 Mm) for the large-angle aperture (27–167). The horizontal (f) and vertical ( )sin v
dimensions are 217.1 and 137.3, respectively. For comparison, the corresponding absorption images (derived from the same data set) are shown in the fifth column.
The corresponding observed K-line image averaged over the same observing period is shown in the sixth column. The maps in the first column are constructed
with the ray paths shown in Fig. 1c, and the maps in the second column are constructed with the ray paths shown in Fig. 1d. The maps of in third and fourth
columns are mean and difference of maps in the first and second columns, respectively. The darkest point at the center of the sunspot at the surface corresponds
to 1.1 minutes. The fluctuation of the quiet Sun in the mean maps is about 0.07 minutes.
The large-angle aperture is 27–167, corresponding to l 5
. In the measurements made using the small-angle100–378
aperture, we find that the intensity maps constructed by the
ingoing waves show ghost images near the sunspots, which are
caused by inaccurate signals measured in the sunspots (the
observed signal in the sunspot is set zero in the data processing).
Thus, we use two-bounce ingoing waves and three-bounce out-
going waves for the small-angle aperture to avoid the effect of
sunspots.
The time series of wave amplitude constructed with ingoing
and outgoing waves have a relative phase shift. To determine
the phase shift, we computed the cross correlation function of
two constructed time series and then fitted the cross correlation
function with a Gabor wavelet,
2( )t 2 ten
G 5 A cos (2pn[t 2 t ]) exp 2 , (3)[ ]ph 22j
where A, j, and ten are the amplitude, width, and location of
a Gaussian envelope, respectively, and n is the modulation
frequency. The typical value of A is about 0.5 for large-angle
and 0.4 for small-angle. The average value of n is 3.35 mHz,
corresponding to a period of 4.98 minutes. The location of a
modulation peak, tph, is called the phase shift (time lag), which
is defined such that a positive tph means that the phase of time
series constructed with outgoing waves is ahead of that con-
structed with ingoing waves. In measurements with the large-
angle aperture, the typical value of tph is about 2.6 minutes in
the quiet Sun and about 3.2 minutes in the active region. The
relative phase shift between two time series is computed for
every point in a target region to form a phase map at a fixed
focal depth. The data from each observing station on each day,
defined as one unit, are analyzed separately to obtain a phase
map. The phase maps derived from different units are consis-
tent. The final phase map is the average over seven units in
the period 1996 August 1–3. The same procedure is repeated
for focal depths 0–80 Mm at intervals of 10 Mm for large-
angle and 0–40 Mm for small-angle. The variation of phase
shift in the quiet Sun is small (about 0.16 minutes for small-
angle aperture and 0.07 minutes for large-angle aperture).
To study the phase shift caused by inhomogeneities in the
active region, we use tqs as the reference; namely, we are in-
terested in at each target point. The maps of′t 5 t 2 tph ph qs
at various focal depths are shown in the first column of′tph
Figures 3 and 4. The absorption images at the same focal depths
are shown in the fifth column (Paper II). The K-line intensity
image averaged over the same observing period is shown in
the sixth column. The average over the quiet Sun is zero,′tph
and is positive in the active region, indicating that p-modes′tph
have shorter travel times in the active region. Positive values
of are represented as darker for comparing with the ab-′tph
sorption images.
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Fig. 4.—Same as Fig. 3 for the small-angle aperture (27–57.5). The vertical extension of phase shift features in the active region is smaller than that of large-
angle aperture. The phase shift features are sharper and noisier and have a smaller fluctuation length scale in the quiet Sun. The gray scale is the same as Fig. 3.
The phase shift measured here could be caused by either′tph
a change in p-mode travel time or a change in conditions at
boundaries of the mode cavity. If the ray path reaches the
boundary in the magnetic region, a change in the boundary
conditions will result in a change in phase jump at the boundary.
The change in travel time could be caused by (1) mass flow,
(2) thermal perturbations changing the sound speed, (3) mod-
ification of the acoustic cutoff frequency, and (4) magnetic
fields along the ray path (Kosovichev & Duvall 1998). Only
the first term changes the sign of time lag for rays propagating
in opposite directions. The time lags from other three terms do
not change sign for oppositely directed rays. Although the
fourth mechanism depends on the angle between the wave
vector and magnetic field, oppositely directed rays have the
same time lag. In the active region, the second and third mech-
anisms are indirectly related to magnetic field. The change in
boundary conditions is also indirectly related to magnetic field
and independent of the direction of the ray path. Thus, all terms
related to magnetic field do not change sign for waves traveling
in opposite directions. Hereafter, we call the combined effects
of all these mechanisms the magnetic term.
We first discuss the contribution of the flow term with the
aid of Figure 1c. Similar to Figure 1b, in Figure 1c the ingoing
signal observed at A passes the target point T and arrives at
C after one bounce and at E after two bounces. We use the
signal observed at A to construct the ingoing amplitude at T
and use the signal observed at E to construct the outgoing
amplitude at T. Since we use the azimuthal-averaged signal to
construct the amplitude at T, for each ray path ACE, there exits
another ray path A9C9E9 in our coherent summation. For the
flow at T, our phase shift measurement picks up only its vertical
component because the contributions of horizontal component
for the ray paths ACE and A9C9E9 have opposite signs and
cancel. For a target point on the surface, ACE and A9C9E9 are
identical but have opposite directions. Thus, the flow has no
contribution to . At deeper focal depths, will be increas-′ ′t tph ph
ingly sensitive to mass flows.
To separate the contribution of the flow term from the mag-
netic term, we have to construct the wave amplitude at the
target point separately from waves propagating opposite di-
rections (Duvall et al. 1996). The ray paths in Figure 1d fulfill
this purpose. The ray paths in Figure 1d have the same path
as those in Figure 1c, but with opposite directions. The phase
maps constructed with the ray paths in Figure 1d are shown
in the second column of Figures 3 and 4. The flow term has
opposite signs for the ray paths in Figures 1c and 1d, and the
magnetic term has the same sign. Thus, the difference of the
phase maps in the first and second columns has the contribution
only from the flow term, while the mean of the two maps has
the contribution only from the magnetic term. The mean maps
and the difference maps at various focal depths are shown in
the third and the fourth columns of Figures 3 and 4, respec-
tively. It is noted that the phase shift shown in Figures 3 and
4 measures the travel time perturbation averaged over many
different ray paths, because the wave amplitude at the target
point in our study is constructed from the data over the entire
annular aperture. These ray paths have different directions in
three dimensions.
If the target point T is on the surface, the ray paths in Figures
1c and 1d are identical. Thus, the contribution of flow to the
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Fig. 2.—Phase shift in the preceding sunspot at various′t ({ t 2 t )ph ph qs
focal depths. The open symbols denote the phase shifts of large-angle aperture,
and the filled symbols denote the phase shifts of small-angle aperture. The
circle is averaged over pixels at the center of the preceding sunspot.′t 3 # 3ph
The triangle is averaged over the umbra and penumbra of the preceding′tph
sunspot. The phase shifts of small-angle and large-angle apertures at the surface
are nearly the same, so the corresponding open and filled symbols coincide.
difference map is zero at the surface and increases with focal
depth. The difference maps in the solar interior have very small
values and do not show any features in the active region. Its
spatial rms value increases with focal depth and approaches
the rms value of the mean map at about 20 Mm. There are
several that limit the sensitivity of the difference map defined
here for detecting mass flow in the active region. The difference
maps cancel any flow signals at the surface. From mass con-
servation, we expect that the flow velocity decreases with
depth. Thus, it is not a surprise that the difference maps do not
show evidence of mass flow in the active region at any focal
depth.
The mean maps defined here do remove the contribution of
flow and show only the magnetic effects. We discuss several
phenomena shown in the mean maps and differences between
the small-angle and large-angle images here. (1) The phase
shift is positive in the active region. The correlation between′tph
the phase map at the surface and the K-line image is apparent.
The positive in the active region indicates that p-mode travel′tph
time is shorter in the magnetic region than that in the quiet
Sun, as expected (Braun et al. 1992). The phase shift features
have better correlation with surface magnetic field structures
than the absorption features. One can even identify the cor-
relation between the K-line image and the phase maps for some
weak features in the quiet Sun in Figure 3. (2) The maximum
phase shift occurs at the center of the preceding sunspot and
is about 1.1 minutes at the surface. The phase shift in the active
region decreases with focal depth. The phase shift averaged
over the preceding sunspot at various focal depths is shown in
Figure 2. (3) The phase shifts measured with the small-angle
and large-angle apertures are nearly the same in the sunspot at
the surface. But the small-angle shifts decrease with focal depth
more rapidly than the large-angle shifts. This indicates the ver-
tical spatial resolution of these three-dimensional phase maps
is sensitive to the range of modes used in constructing the
signal. The appearance of the phase shift features over a great
range of focal depths in Figures 3 and 4 may be exaggerated
over their true depths. Until the vertical resolution can be quan-
tified, it is premature to identify the actual depth of the phase
shift features in the active region based on these three-dimen-
sional phase maps. Modeling of the acoustic imaging process
may help solve this issue. (4) The phase maps made from the
small-angle aperture are sharper and noisier and have a smaller
fluctuation length scale in the quiet Sun. The sharpness and
the smaller fluctuation scale are a result of the smaller wave-
lengths sampled. The greater noise may be caused by the lower
power in the acoustic spectrum at small wavelengths and from
incomplete cancellation of undesired modes over the small ap-
erture. Another source of noise in phase shift is that the phase
determination in the fit is sensitive to the noise in the time
series. This may explain the larger increase in noise in the
phase maps than in the absorption maps.
It is of interest to compare our results with other work. (1)
Duvall et al. (1996) and Braun (1997) found a significant dif-
ference in travel times (phase time) between waves traveling
in opposite directions, into and out from a sunspot. Their meas-
urements were based on cross-correlation of the time series
observed inside the sunspot and in the quiet Sun. From their
measurement, Duvall et al. inferred a very small flow velocity
if the flow persists to a deep layer. Because our difference map
may only be able to detect a significant flow signal at depth,
and because we have not yet quantified the relation between
the flow velocity and our difference maps at various focal
depths, we cannot determine if our result is consistent with the
result of Duvall et al. (2) The perturbation of the two-bounce
travel time (∼0.65 minutes at 107–157) measured by Braun
(1997) is consistent with our phase shift (∼0.68 minutes) av-
eraged over the umbra and penumbra at the surface, but smaller
than our value (∼1.1 minutes) at the center of the sunspot. If
Braun’s result is extrapolated to the range of 27–167 in our
large-angle aperture, it falls between 0.68 and 1.1 minutes. Note
that, unlike the measurement in Duvall et al. (1996), we do
not use the signals observed inside the sunspot, nor did Braun
in his two-bounce measurement.
From this study, we conclude that the phase of constructed
acoustic signals probably is a better tool than the intensity to
probe the subsurface structure of magnetic fields. First, the
phase perturbation more directly relates to magnetic field. The
phase shift mainly depends on the field strength, while the
absorption strongly depends on the orientation of magnetic field
(Bogdan & Braun 1995 and references therein). Second, the
phase shift measurement is more sensitive than the absorption
measurement. The phase shift features in the active region are
clearly visible if the data set is longer than six hours, while it
needs a much longer data set to measure the absorption. This
advantage may allow us to study the evolution of magnetic
fields with the phase maps. Third, the phase information has
a better depth resolution than intensity because the phase is
determined from the whole time series (Paper II).
The phase maps and the absorption maps are very different.
The absorption maps do not show the same structure as the
phase maps with simply a higher noise level. The sunspot
umbras show up relatively much stronger compared to the other
magnetic fields in the phase maps than in the absorption maps.
If the phase shift and the acoustic absorption have different
dependences on the filling factor of the magnetic fields or on
the angle between the magnetic field and the acoustic ray path,
then we may be able to measure the field packing or field vector
below the surface.
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